Katayama K, Ishida K, Iwamoto E, Iemitsu M, Koike T, Saito M. Hypoxia augments muscle sympathetic neural response to leg cycling. Am J Physiol Regul Integr Comp Physiol 301: R456 -R464, 2011. First published May 18, 2011 doi:10.1152/ajpregu.00119.2011.-It was demonstrated that acute hypoxia increased muscle sympathetic nerve activity (MSNA) by using a microneurographic method at rest, but its effects on dynamic leg exercise are unclear. The purpose of this study was to clarify changes in MSNA during dynamic leg exercise in hypoxia. To estimate peak oxygen uptake (V O2 peak), two maximal exercise tests were conducted using a cycle ergometer in a semirecumbent position in normoxia [inspired oxygen fraction (FI O 2 ) ϭ 0.209] and hypoxia (FI O 2 ϭ 0.127). The subjects performed four submaximal exercise tests; two were MSNA trials in normoxia and hypoxia, and two were hematological trials under each condition. In the submaximal exercise test, the subjects completed two 15-min exercises at 40% and 60% of their individual V O2 peak in normoxia and hypoxia. During the MSNA trials, MSNA was recorded via microneurography of the right median nerve at the elbow. During the hematological trials, the subjects performed the same exercise protocol as during the MSNA trials, but venous blood samples were obtained from the antecubital vein to assess plasma norepinephrine (NE) concentrations. MSNA increased at 40% V O2 peak exercise in hypoxia, but not in normoxia. Plasma NE concentrations did not increase at 40% V O2 peak exercise in hypoxia. MSNA at 40% and 60% V O2 peak exercise were higher in hypoxia than in normoxia. These results suggest that acute hypoxia augments muscle sympathetic neural activation during dynamic leg exercise at mild and moderate intensities. They also suggest that the MSNA response during dynamic exercise in hypoxia could be different from the change in plasma NE concentrations. sympathetic neural activation; dynamic leg exercise; hypoxemia HYPOXIA AND EXERCISE ARE PHYSICAL stressors that evoke an increase in sympathetic nervous activity (42, 55). There are many situations in which people perform exercise in hypoxia, e.g., high altitude or pathophysiological condition, but the combined effects of hypoxia and exercise stimuli on the sympathetic nervous system are not fully understood. Alterations in sympathetic nervous activity during hypoxic exercise have been inferred from changes in plasma norepinephrine (NE) concentrations (5, 7, 13, 43) . Some studies have reported no additional increase in plasma NE concentration during exercise at moderate intensity in hypoxia (5, 17, 36, 41) . In contrast, other groups have reported higher NE concentrations during hypoxic exercise (7, 13). Although we are not certain of the reasons, exercise intensities and levels of hypoxia may be related to the discrepancy in the results between the previous studies (5, 13, 36, 51). Additionally, these inconsistent results may be attributed to increased NE reuptake (34, 53) and to inhibited neuronal release of NE (44) during acute hypoxemia; thus, plasma NE concentrations could be an imprecise and even misleading index of sympathetic nervous activity (16, 44, 52). Therefore, a direct measurement of sympathetic nervous system activity is needed to provide more definitive insight into the effects of hypoxic exercise. To address this issue, Seals et al.
sympathetic neural activation; dynamic leg exercise; hypoxemia HYPOXIA AND EXERCISE ARE PHYSICAL stressors that evoke an increase in sympathetic nervous activity (42, 55) . There are many situations in which people perform exercise in hypoxia, e.g., high altitude or pathophysiological condition, but the combined effects of hypoxia and exercise stimuli on the sympathetic nervous system are not fully understood. Alterations in sympathetic nervous activity during hypoxic exercise have been inferred from changes in plasma norepinephrine (NE) concentrations (5, 7, 13, 43) . Some studies have reported no additional increase in plasma NE concentration during exercise at moderate intensity in hypoxia (5, 17, 36, 41) . In contrast, other groups have reported higher NE concentrations during hypoxic exercise (7, 13) . Although we are not certain of the reasons, exercise intensities and levels of hypoxia may be related to the discrepancy in the results between the previous studies (5, 13, 36, 51) . Additionally, these inconsistent results may be attributed to increased NE reuptake (34, 53) and to inhibited neuronal release of NE (44) during acute hypoxemia; thus, plasma NE concentrations could be an imprecise and even misleading index of sympathetic nervous activity (16, 44, 52) . Therefore, a direct measurement of sympathetic nervous system activity is needed to provide more definitive insight into the effects of hypoxic exercise. To address this issue, Seals et al. (51) measured muscle sympathetic nervous activity (MSNA) using a microneurographic technique during a rhythmic handgrip exercise under hypoxic condition. They found that acute hypoxia potentiated the MSNA response during the handgrip exercise. Saito et al. (46) also attempted a direct intraneural recording by means of a microneurographic method during a static handgrip exercise in hypoxia and revealed a higher MSNA during the handgrip exercise in hypoxia than in normoxia.
However, it would be particularly interesting to know how sympathetic nervous activity changes during dynamic leg exercise with a large muscle mass under hypoxic condition. Cardiovascular and MSNA responses to exercise are affected by a variety of factors, including exercise mode and muscle mass (47, 65) . The hemodynamic response to dynamic exercise is different for upper and lower limb exercise, generally showing higher heart rate (HR) and arterial blood pressure (BP) during an arm exercise than during leg exercise (2, 57) . Thus, it is supposed that sympathetic tone would be higher during an arm exercise than during a leg exercise (2) . To our knowledge, no data are available regarding MSNA during dynamic exercise under hypoxic condition.
Therefore, the purpose of the present study was to elucidate the sympathetic nervous activity during dynamic leg exercise in hypoxia. We recorded MSNA from the median nerve by using a microneurographic technique during a leg-cycling exercise at submaximal intensities, while subjects breathed normoxic and hypoxic gas mixtures. Furthermore, plasma NE concentrations were measured during exercise under each condition. We hypothesized that hypoxia would potentiate MSNA during dynamic leg exercise at mild and moderate intensities. The results from this study should provide an understanding of the changes in MSNA during hypoxic exercise and also provide insight into the validity of NE concentration as an index of sympathetic nerve activity during dynamic exercise under hypoxic condition.
METHODS

Subjects
Six healthy males participated in this study (means Ϯ SE: age ϭ 22.5 Ϯ 0.8 yr, height ϭ 175.2 Ϯ 3.4 cm, and body mass ϭ 69.9 Ϯ 2.3 kg). Subjects were informed about the experimental procedures and potential risks involved, and written informed consent was obtained. This study was approved by the human research committee of the Research Center of Health, Physical Fitness and Sports at Nagoya University.
Experimental Procedures
At a preliminary visit, all subjects were familiarized with the equipment to be used in the experiment. The subjects were instructed how to laterally extend both arms and how to hold their arms during leg cycling using an electromechanically braked ergometer in a semirecumbent position (Aerobike 75XL III, Combi, Tokyo, Japan) (24, 49, 50) . Subjects reported to the laboratory on at least eight additional occasions.
On days 1 (normoxia) and 5 (hypoxia), a maximal exercise test was performed while breathing a normoxic [inspired oxygen fraction (FI O 2 ϭ 0.209)] or hypoxic (FIO 2 ϭ 0.127) gas mixture, which was provided by a generator (YHS-310, YKS, Nara, Japan). The subjects performed an incremental exercise test using the ergometer. Before the exercise, the subjects breathed each gas mixture for 10 min. Then, the exercise test began at an initial power output of 90 W, and the workload was increased 15 W every minute until exhaustion. The pedaling rate was kept at 60 rpm with the aid of a metronome. Minute expired ventilation (V E), oxygen uptake (V O2), carbon dioxide output (V CO2), heart rate (HR), and arterial oxygen saturation (SpO2) were recorded during the test and were averaged every 30 s afterward. The highest V O2 value obtained during the exercise protocol was used as peak V O2 (V O2 peak). Then, workloads at 40% and 60% V O2 peak in each normoxic and hypoxic conditions were calculated for submaximal exercise tests. Accordingly, absolute workloads at 40% and 60% V O2 peak were lower in hypoxia than normoxia (for details, see
At visits 2 (normoxia) and 6 (hypoxia), subjects practiced at 40% and 60% V O2 peak exercise. During the practices, the subjects were instructed again how to hold their right arm during exercise.
On days 3 (normoxia) and 7 (hypoxia), submaximal exercise tests were performed, and MSNA was measured (MSNA trial). After a 12-h overnight fast, the subjects arrived at the laboratory and rested for 30 min. The time course of the experiment is presented in Fig. 1 . V E, tidal volume (VT), V O2, V CO2, HR, SpO2, and MSNA were measured throughout the experiment. The subjects first breathed normoxic gas for 5 min (Rest 1). Next, the inspired gas was either maintained (FI O 2 ϭ 0.209) or switched to hypoxic (FIO 2 ϭ 0.127) gas mixture, and the subjects rested for 10 min (Rest 2). Then, the subjects performed two 15-min of submaximal exercise sessions at the same relative exercise intensities (40% and 60% V O2 peak) under normoxic (exercise 1) and hypoxic (exercise 2) conditions with a 10-min rest between exercises (Rest 3). The pedaling rate was kept constant at 60 rpm. The subjects were asked to provide their rate of perceived exertion (RPE) (3) during the last minute of each exercise session.
Two MSNA trials were conducted at least 1 mo apart. When the MSNA measurement failed because of displacement of the electrode from the muscle sympathetic nerve as a result of movement of the arm or the body, the MSNA trial was repeated after a gap of at least 1 mo.
At visits 4 (normoxia) and 8 (hypoxia), the subjects performed the same exercise protocol as on MSNA trial days, but blood was taken (hematological trial). The MSNA and hematological trials in normoxia or hypoxia were conducted at least 1 wk apart. Measurements of V E, V O2, V CO2, HR, SpO2, and BP were performed during the experiment. Venous blood samples were obtained during the last minute of each session (Fig. 1) .
Respiratory and Cardiovascular Variables
V E, VT, V O2, and V CO2 were determined by an on-line system with a mixing chamber, as in our previous studies (28, 29) . The subjects breathed through a leak-free nasal mask (5719 Hans Rudolph, Kansas City, MO). Expired gas volume was measured by a Fleisch pneumotachometer (PN-230; Arco Systems, Chiba, Japan). Sample gas was drawn through a sampling tube connected to the pneumotachometer to measure expired gas fractions. The expired gas fractions were analyzed by a mass spectrometer (ARCO-1000; Arco System) that was calibrated and confirmed before each test. Breath-by-breath data were analyzed continuously using customized software on a computer (PC-9821Ra40; NEC, Tokyo, Japan). Respiratory variables during submaximal exercise tests were averaged every 5 min. An ECG was also measured using a three-lead electrocardiograph (AB-621, Nihon Koden, Tokyo, Japan), and HR was calculated from each R-R interval obtained from the ECG. SpO 2 was measured using a finger pulse oximeter (Biox 3740, Ohmeda, Madison, WI) throughout the test. The signals from the electrocardiograph and pulse oximeter were sampled at a frequency of 200 Hz though an analog-to-digital converter (CBI-3133B; Interface, Hiroshima, Japan) and were stored in a computer (CF-F8; Panasonic, Osaka, Japan). Arterial systolic (SBP) and diastolic blood pressures (DBP) were taken from the left arm using an automated BP unit (STBP-780; Colin Medical Instruments, San Antonio, TX). Before measurement, pressure values were confirmed by means of a mercury sphygmomanometer, which was joined to the pressure line using a Y-connector (62) . The sound signal was synchronized to the ECG-R wave, and a detection algorithm was used to determine both SBP and DBP. The Korotkoff sound was amplified using the monitor, and a stereo headset worn by the experimenter allowed for a manual confirmation of the algorithm-determined BP values. The automated values determined by the Colin STBP-780 were confirmed by manual readings determined by the experimenter listening through the headset (69). Blood pressure was monitored at 1-min intervals throughout the tests. Mean arterial blood pressure (MBP) was calculated using the following equation: MBP ϭ (SBP Ϫ DBP)/3 ϩ DBP. 
MSNA
Multiunit muscle sympathetic nerve discharges were recorded using the microneurographic technique. A tungsten microelectrode with a shaft diameter of 0.1 mm (impedance 1-5 M⍀) was inserted manually by an experimenter into the right median nerve at the cubital fossa (24, 50) . The right arm was fixed using equipment to prevent arm movement artifacts during the leg cycling exercise. After insertion, the electrode was adjusted until MSNA was recorded. Identification of MSNA was based on the following criteria: spontaneous burst discharge synchronized with the heartbeat and enhanced by Valsalva maneuver or breath holding, but showing no change in response to sensory stimuli, such as a loud noise or cutaneous touch (9, 15, 49, 63) . Additionally, we asked the subjects to hold their breath to identify MSNA at the middle phase during each session (at least 15 s at rest and 5 s during exercise). The neurogram was fed to a differential amplifier and amplified 100,000 times through a band-pass filter (500 -3,000 Hz). The neurogram was full-wave rectified and integrated by a capacitance-integrated circuit with a time constant of 0.1 s. The mean voltage neurogram was continuously digitized through an analog-to-digital converter with a sampling frequency of 200 Hz for storage on a computer. MSNA bursts were identified from the mean voltage neurogram using a customized computer program-assisted inspection, which accounted for the latency from the ECG-R wave to the sympathetic burst (15) . MSNA was quantified as burst frequency (BF, bursts/min) and burst incidence (BI, bursts/100 heart beats).
Hematological Variables
Blood samples were taken from an indwelling cannula in the antecubital vein. The procedures were the same as in our previous study (27) . Blood samples (10 ml) were obtained at each session, centrifuged at 5°C, and stored at Ϫ80°C for subsequent analyses. Plasma epinephrine (Epi) and NE concentrations were measured with kits using high-performance liquid chromatography (HLC-725CAII, Tosoh, Tokyo, Japan). The interassay and intra-assay coefficients of variation were 2.8% and 2.6% for Epi, and 2.2% and 2.3% for NE, respectively. One subject did not complete the blood testing due to a technical problem, so those data were not included in the hematological analysis.
Statistical Analysis
Values are expressed as means Ϯ SE. The respiratory and cardiovascular variables and MSNA BF values were averaged every 5 min throughout the experiment. For all data, the assumption of normal distribution was verified using a Kolmogorov-Smirnov test, and the data were found to be not normally distributed. Changes in each variable during the experiment were analyzed using a Dunnett test. The Wilcoxon test was used to compare variables during the normoxic and hypoxic trials. The StatView (5.0, SAS Institute, Tokyo, Japan) and the SPSS (11.5, SPSS, Tokyo, Japan) statistical packages were used for the analyses. A P Ͻ 0.05 was considered significant. Table 1 shows the cardiorespiratory variables at exhaustion during the maximal exercise tests while breathing normoxic and hypoxic gas mixtures. V O 2 , V CO 2 , HR, SpO 2 , and workload at exhaustion in hypoxia were lower (P Ͻ 0.05) and RER was higher (P Ͻ 0.05) than those in normoxia. No significant difference in V E was observed between the normoxic and hypoxic conditions.
RESULTS
Maximal Exercise Test
Submaximal Exercise Test
Baseline descriptive data. There were no significant differences in any of the respiratory and cardiovascular variables at rest or during exercise between the MSNA and hematological trials under normoxic or hypoxic conditions. Thus, we indicate the data for respiratory and cardiovascular variables in MSNA trials. The cardiorespiratory data for the last 5 min of each session are shown in Table 2 . No differences in respiratory and cardiovascular variables or hematological variables were found at rest in normoxia (Rest 1) between normoxic and hypoxic days. Workloads at 40% and 60% V O 2 peak were higher (P Ͻ 0.05) in normoxia than in hypoxia (40%: normoxia, 101.5 Ϯ 4.9 W vs. hypoxia, 78.0 Ϯ 7.0 W, 60%: normoxia, 161.7 Ϯ 7.2 W vs. hypoxia, 125.8 Ϯ 7.5 W). There were no significant differences in RPE between normoxic and hypoxic conditions during exercise (Table 2) .
Respiratory and cardiovascular variables. The respiratory and cardiovascular variables during the experiment are shown in Table 2 and Fig. 2 . At Rest 2, V E, RER, and HR increased (P Ͻ 0.05), whereas SpO 2 decreased (P Ͻ 0.05) in hypoxia. VT tended to increase in hypoxia, but the difference was not statistically significant. V E, VT, RER, and HR were higher (P Ͻ 0.05), and SpO 2 was lower (P Ͻ 0.05) in hypoxia than in normoxia. Under hypoxic condition, resting SBP was unchanged, whereas DBP and MBP decreased significantly (P Ͻ 0.05) (Fig. 2) . In contrast, no significant changes in respiratory and cardiovascular variables were observed in normoxia at Rest 2.
During submaximal exercise, V E, VT, V CO 2 , V CO 2 , RER, and HR increased (P Ͻ 0.05) under both conditions. RER was higher (P Ͻ 0.05) and V O 2 , V CO 2 , and SpO 2 were lower (P Ͻ 0.05) in hypoxia than in normoxia. In contrast, V E, VT, and HR during submaximal exercise in the hypoxic condition did not differ significantly from those under the normoxic condition. SBP and MBP increased (P Ͻ 0.05) during exercise under each condition. DBP during exercise was unchanged in normoxia, whereas it decreased (P Ͻ 0.05) in hypoxia (Fig. 2) . DBP and MBP during hypoxic exercise were lower (P Ͻ 0.05) than those in normoxia.
MSNA. Typical MSNA recordings at rest and during exercise while breathing normoxic and hypoxic gas mixtures are presented in Fig. 3 . Changes in absolute and percent values of MSNA BF at rest and during exercise in the normoxic and hypoxic conditions are shown in Fig. 4 exercise, MSNA BF did not change in normoxia, whereas it increased significantly (P Ͻ 0.05) in hypoxia. At 60% V O 2 peak exercises, MSNA BF increased under both conditions. MSNA BF at 40% and 60% V O 2 peak exercise under hypoxic conditions was higher (P Ͻ 0.05) than that under normoxic conditions. MSNA BI during the experiment is indicated in Table 2 . MSNA BI increased significantly (P Ͻ 0.05) at rest in hypoxia, but not in normoxia (Rest 2). At 40% and 60% V O 2 peak exercise under normoxic condition, MSNA BI decreased significantly (P Ͻ 0.05) from Rest 1. On the other hand, MSNA BI at 40% and 60% V O 2 peak exercise in hypoxia did not differ from that at Rest 1. MSNA BI at rest and at 40% V O 2 peak exercise in hypoxia was higher (P Ͻ 0.05) than that in normoxia.
Hematological variables. Changes in plasma Epi and NE concentrations are shown in Fig. 5 . Plasma Epi and NE levels did not change at rest or at 40% V O 2 peak exercise under either normoxia or hypoxia. At 60% V O 2 peak exercise, plasma Epi and NE concentrations increased (P Ͻ 0.05) under both conditions. However, there were no significant differences in plasma Epi and NE concentrations at 60% V O 2 peak exercise between the normoxic and hypoxic conditions.
DISCUSSION
The major findings of the present study were as follows: 1) MSNA increased at 40% V O 2 peak exercise in hypoxia, but not in normoxia; 2) MSNA at 40% and 60% V O 2 peak exercise was higher in hypoxia than in normoxia; and 3) plasma NE concentration did not increase at 40% V O 2 peak exercise under hypoxic condition. To our knowledge, this is the first study to compare MSNA in normoxia and hypoxia during dynamic leg exercise with a large muscle mass.
Effects of Acute Hypoxia on MSNA During Dynamic Leg Exercise
Very few studies have measured MSNA responses to lower limb exercise with a large muscle mass. Saito et al. (50) and Ichinose et al. (24) found inhibition of MSNA during light leg cycling intensity and an increase in MSNA during moderate intensity. In the present study, MSNA BF did not increase at 40% V O 2 peak exercise in normoxia, whereas it increased at 60% V O 2 peak exercise (Fig. 4) . These MSNA responses during normoxic exercise concurred with previous studies described above (24, 50) . In contrast, MSNA BF did increase at 40% V O 2 peak exercise in hypoxia, and MSNA BF at 60% V O 2 peak exercise in hypoxia was also significantly higher than that in normoxia. As for the MSNA BI, it decreased at 40% and 60% V O 2 peak exercise in normoxia (Table 2 ). These MSNA responses are also agreement with the data in previous studies (24, 50) , indicating that MSNA could be partly suppressed during dynamic exercise in normoxia. Dynamic leg exercise produces marked hemodynamic changes, such as enhanced venous return secondary to muscle pumping action. As the result of increased central blood volume, the cardiopulmonary baroreceptor would be presented with a greater load, which would be expected to decrease sympathetic nerve activity (6, 40, 50) . On the other hand, MSNA BI at 40% and 60% V O 2 peak exercises under hypoxic condition in this study did not differ from that at Rest 1. From these results, it is conceivable that hypoxic stimuli could overcome the MSNA suppression, which is induced by cardiopulmonary baroreflex during normoxic exercise. Combined with the results of MSNA BF, it is suggested that acute hypoxia augments muscle sympathetic neural activation during dynamic leg exercise at mild and moderate exercise intensities.
Several possible mechanisms exist for the higher MSNA during dynamic leg exercise under the hypoxic condition. First, increased MSNA could be related to activation of arterial chemoreceptors (42, 55) , as carotid chemoreceptors contribute to the exercise-induced increase in sympathetic nerve activity (59) . Because it has been shown that the ventilatory response to hypoxia increased during exercise (67), carotid chemosensitivity may be enhanced during hypoxic exercise. Second, the arterial baroreflex mechanism played an important role in increased MSNA during exercise in hypoxia (60, 66) , because DBP decreased at rest and during exercise in hypoxia (Fig. 2) . Under hypoxic condition, no changes in DBP have been demonstrated at rest and during exercise (35, 39) . In contrast, others have reported a decrease in DBP at rest and during exercise in hypoxia (31, 32, 48, 58) and a reduction of vascular resistance and an enhancement of vascular conductance (20, 70) . Consequently, it is likely that the decreased DBP at rest and during exercise in hypoxemia could be due to local vasodilation. Third, the metaboreflex from limb skeletal muscles, along with feed-forward influences from central locomotor command, are important in regulating sympathetic outflow during exercise (1, 45, 51) . Seals et al. (51) researched MSNA response to handgrip exercise in normoxia and hypoxia under conditions of circulatory arrest and postexercise arrest (local ischemia), and they indicated that influence of hypoxia is mediated by a mechanism with its origin in the contracting skeletal muscle. At this point, we need to consider that exercise in hypoxia affects muscle fatigue development and that hypoxic exercise influences the accumulation of muscle metabolites. The accelerated rate of muscle fatigue development under hypoxic conditions compared with normoxic conditions (18, 19, 26) has been confirmed. The accelerated exercise-induced muscle fatigue in hypoxia could be due to change in the rate of metabolic accumulation. Recently, inorganic phosphate (P i ) has been suggested to be major contributor to metabolic fatigue (11, 68) , and the rate of phosphocreatine hydrolysis and concomitant inorganic P i accumulation is faster in hypoxia than that in normoxia (22) . Therefore, it is assumed that different rates of Pi aggregation are a mechanism explaining the accelerated rate of muscle fatigue during exercise in hypoxia and that metaboreflex activation is greater in hypoxic exercise than normoxic exercise. In addition, our previous studies reported that the central neural drive, as indicated by a change in the muscle electromyogram, was higher during rhythmic exercise in hypoxia than in normoxia when subjects exercised at the same relative exercise intensity (25, 26, 30) . Thus, the metaboreflex and central command could contribute to augmentation of sympathetic activation. Finally, we consider respiratory modulation of MSNA (10, 12, 21, 55, 56) . It was found that ventilation has little effect on net sympathetic nerve activity during respiration at rest, but an inhibitory effect on MSNA seems to occur when ventilation increases (53) . However, no difference in VT during exercise was observed between the normoxic and hypoxic conditions (Table 2) . Accordingly, it is conceivable that ventilation during exercise at the same relative intensity did not affect the magnitude of changes in MSNA under normoxic and hypoxic conditions.
Effects of Acute Hypoxia on Hematological Variables During Dynamic Leg Exercise
In the present study, plasma NE concentration did not increase at 40% V O 2 peak exercise under hypoxic conditions (Fig. 5) , even though MSNA increased significantly from the baseline value (Fig. 4) . This result suggests that plasma NE concentrations in hypoxia are an imprecise index of sympathetic nerve activity (16, 44, 52) . Changes in sympathetic nerve activity during exercise have been estimated from alterations in plasma NE concentrations as described previously (5, 7, 13, 43). Plasma NE concentrations increase with increasing exercise intensity (13) . Moreover, a significant relationship exists between changes in plasma NE concentrations and MSNA during arm exercise in normoxia (54) . Several groups have demonstrated higher NE concentrations during hypoxic exercise (7, 13) , whereas others have reported no increase in plasma NE concentrations (5, 17, 36, 41) . These inconsistent results could be attributed to increased NE reuptake (34, 52) . Another possibility is an inhibition of NE release during activation of sympathetic nerves through an accumulation of metabolic substances, e.g., adenosine, potassium ions, or hydrogen ions (44, 64) . Compared with normoxia, an increased level of exercise-induced metabolic acidosis is likely to occur in hypoxia (22) . The failure to document a rise in NE in this and previous studies (5, 17, 36, 41) might be attributed to inhibited neuronal release of NE (44) . Additionally, one should consider other possible reasons for the inconsistent findings. A higher plasma NE concentration during hypoxic exercise was found, but only exercise intensity was Ͼ40% of maximal aerobic capacity (7, 13, 36, 51) . On the other hand, Friedman et al. (17) showed no significant difference in plasma NE concentration during exercise at 82-83% of maximal aerobic capacity between normoxia and hypoxia. However, the subjects in their study breathed a moderate level of hypoxic gas mixture (FI O 2 ϭ 0.15). Taking these observations into consideration, the differences in exercise intensities and levels of hypoxia may be related to the discrepancy in the findings between the previous studies.
Plasma Epi concentrations increased at 60% V O 2 peak exercise, but there was no significant difference between normoxia and hypoxia. These results support data obtained from previous studies, which utilized the same relative exercise intensity in normoxia and hypoxia (4, 17) . Although a complex mechanism of HR regulation in response to hypoxia exists (23) , elevation in HR above moderate exercise intensity is considered to be mediated by enhanced sympathetic nervous activity due to an increased circulating catecholamine. As shown in Table 2 , there were no significant differences in HR during exercise between two conditions, and these results support the above consideration.
Technical Considerations and Limitations
Dynamic leg exercise in hypoxia precipitates reduced maximal exercise capacity, that is, reduced peak workload and V O 2 peak , which leads to a shift in the given absolute workload to a higher relative exercise intensity (25, 38) . Different relative work intensities are expected to influence the rate of increase in metabolism (22) and MSNA, because the magnitude of the MSNA response to dynamic leg cycling under normoxia is related to increasing percent V O 2 peak (50) . Therefore, a comparison of MSNA between normoxic and hypoxic conditions at the same relative exercise intensity would be indispensable. In the present study, subjects exercised at the same relative exercise intensities, e.g., 40% or 60% V O 2 peak , in normoxia and hypoxia. Therefore, the effect of the difference in relative exercise intensity was excluded when we compared MSNA and plasma NE concentrations between normoxic and hypoxic conditions.
Between-day variability in baseline levels of sympathetic nerve activity may have contributed to the findings in this study, as the submaximal exercise test on normoxic and hypoxic days was performed on two separate days. Previous studies indicated that MSNA BF indices are stable for repeated measures made on separate days (Ͻ15%) (63, 71) . In this study, the MSNA between-day coefficient of variation for BF at rest in normoxia (Rest 1) was 5.9% (range 4.2-7.6%). Additionally, when MSNA data were normalized by a percentage of Rest 1 on each day, then the statistical results for normoxic and hypoxic conditions were the same as the absolute value results (Fig. 4) . Thus, we consider that our findings of changes in MSNA on normoxic and hypoxic days are not explained by day-to-day variability in sympathetic nerve activity.
MSNA was represented only as BF, which has been used in previous studies to record MSNA during dynamic leg cycling (49, 50) . Burst amplitude was not measured because electromyographic and efferent and afferent nerve activities altered the baseline of the integrated neurogram, particularly at higher workloads (50) . However, previous studies have demonstrated a positive correlation between BF and burst amplitude (37) and parallel increases in BF and amplitude during exercise (51) . Therefore, it seems reasonable to suppose that the MSNA BF values are valid and that MSNA could be at comparable levels during exercise under normoxic and hypoxic conditions in the present study.
Carbon dioxide (CO 2 ) affects vascular tone directly by its effect on resistance vessels (33) . Several studies indicated an increase in MSNA during hypercapnia (39, 71) . Additionally, Tamister et al. (61) compared MSNA response during hypocapnic hypoxia and hypercapnic hypoxia, and they found MSNA response was higher during hypercapnic hypoxia than during hypocapnic hypoxia. These results indicate that the level of carbon dioxide during the hypoxic exposure significantly modulates MSNA. In this study, it is likely that the subjects were exposed to hypocapnic hypoxia at rest and during exercise, because we did not add CO 2 to the inspired hypoxic gas mixture. Thus, it seems likely that hypocapnia could affect MSNA response at rest and during exercise under hypoxic condition.
In the present study, the subjects were men only. Sex difference in MSNA response to handgrip exercise in normoxia has been reported (14) . In addition, there are potential effects of menses on metabolism and cardiovascular function in hypoxia (8, 61) . Therefore, it is conceivable that MSNA response to dynamic leg exercise under hypoxic condition in women differs from that in men.
In conclusion, MSNA BF increased during leg cycling at 40% V O 2 peak in hypoxia, but not in normoxia. MSNA BF at 40% and 60% V O 2 peak exercise under hypoxic condition was higher than that under normoxic condition. Plasma NE concentration did not increase at 40% V O 2 peak exercise in hypoxia. These results suggest that acute hypoxia augments muscle sympathetic neural activation during dynamic leg exercise at mild and moderate intensities. They also suggest that the MSNA response during hypoxic exercise could be different from the change in plasma NE concentrations.
